This work presents a detailed analysis of the laboratory and astrophysical spectral data available for 28 SiC 2 , 29 SiC 2 , 30 SiC 2 , Si 13 CC, and Si 2 C. New data on the rotational lines of these species between 70 and 350 GHz have been obtained with high spectral resolution (195 kHz) with the IRAM 30 m telescope in the direction of the circumstellar envelope IRC +10216. Frequency measurements can reach an accuracy of 50 kHz for features observed with a good signal to noise ratio. From the observed astrophysical lines and the available laboratory data new rotational and centrifugal distortion constants have been derived for all the isotopologues of SiC 2 , allowing us to predict their spectrum with an estimated accuracy better than 50 kHz below 500 GHz and around 50-100 kHz for the strong lines above 500 GHz. Improved rotational and centrifugal distortion constants have also been obtained for disilicon carbide, Si 2 C. This work shows that observations of IRC +10216 taken with the IRAM 30 m telescope, with a spectral resolution of 195 kHz, can be used for any molecular species detected in this source to derive, or improve, its rotational constants. Hence, IRC +10216 in addition to be one the richest sources in molecular species in the sky, can also be used as a spectroscopy laboratory in the millimetre and submillimetre domains.
Introduction
Due to its close proximity (∼130 pc), IRC +10216, the circumstellar envelope of CW Leo, has attracted many studies because it is exceptionally rich in molecular species. Half of the known interstellar species are observed in this C-rich envelope. The observed molecules range from CO, the main tracer of the cool molecular gas, and other diatomic and triatomic species (see e.g. Cernicharo et al. 2000 Cernicharo et al. , 2010 , to molecules containing refractory elements , long carbon chain species C n H and their anions (Cernicharo & Guélin 1996; Cernicharo et al. 2008; Guélin et al. 1997; McCarthy et al. 2006; Thaddeus et al. 2008 , and references therein). Silicon-carbon species such as SiC 2 (Thaddeus et al. 1984) , SiC (Cernicharo et al. 1989) , SiC 3 (Apponi et al. 1999) , SiC 4 (Ohishi et al. 1989) , and Si 2 C (Cernicharo et al. 2015a ) have been also detected in IRC + 10216.
Silicon dicarbide, SiC 2 , is the most abundant silicon-carbon bearing species in the circumstellar envelopes of carbon-rich evolved stars. These objects show prominent absorption bands in the optical. Although many of these bands can be attributed to C 2 and CN, a series of bands discovered by Merrill (1926) This work is based on observations carried out with the IRAM 30-m telescope. IRAM is supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain). Tables A.2, A.5, A.8, A.11 and A.14 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/618/A4
and Sanford (1926) remained unidentified for long time. These bands are typical of N-type stars and have been studied in detail by Sarre et al. (2000) . The first indication on the presence of a molecule containing silicon and carbon as responsible of the Merrill-Sanford bands was obtained by Kleman (1956) through the comparison of these absorption bands with laboratory spectra of SiC products obtained by heating silicon to 2500 K in the graphite tube of a King furnace. He concluded that the best candidate was SiC 2 , and assumed that the molecule was linear by analogy with C 3 . However, ab initio calculations (Grev & Schaefer 1984) and laboratory spectroscopy of jet-cooled SiC 2 (Bondybey 1982; Michalopoulos et al. 1984) indicated that the most stable isomer of SiC 2 has a triangular configuration. Based on these assumptions, and on the rotational constants derived by Michalopoulos et al. (1984) , nine previously unidentified features in IRC +10216 were assigned to rotational transitions of SiC 2 (Thaddeus et al. 1984) . This identification was supported by the excellent fit of the astronomical frequencies to an asymmetric top with C 2v symmetry (lacking rotational levels with odd values for K a due to the two equivalent C nuclei) and on the reasonable agreement with the rotational constants derived from optical data by Michalopoulos et al. (1984) . The identification was fully supported by the detection of the isotopologues 29 SiC 2 and 30 SiC 2 based on astronomical data of IRC +10216 (Cernicharo et al. 1986a ). Moreover, a detailed analysis of the electronic bands of SiC 2 observed in the laboratory by Bredohl et al. (1988) allowed measurement of high-J and high-K transitions providing a more precise determination of the rotational and centrifugal distortion constants of SiC 2 which were in very good agreement with those derived by Thaddeus et al. (1984) .
Millimetre-wave laboratory spectroscopy of SiC 2 was finally carried out by Gottlieb et al. (1989) , who measured 41 rotational lines between 93 and 369 GHz. The dipole moment of the molecule was measured by Suenram et al. (1989) , who also reported the frequency of the 1 01 → 0 00 transition in the centimetre-wave domain for 28 SiC 2 , 29 SiC 2 , and 30 SiC 2 . Laboratory spectroscopy for Si 13 CC was performed by Cernicharo et al. (1991) . More recently, a significant number of lines have been measured by Kokkin et al. (2011) for 29 SiC 2 and 30 SiC 2 . Until these recent measurements, frequency predictions for these two isotopologues were based on the fit to the astronomical lines reported by Cernicharo et al. (1986a Cernicharo et al. ( , 1991 Cernicharo et al. ( , 2000 and the 1 01 → 0 00 transition measured by Suenram et al. (1989) .
Observations of IRC +10216 by Cernicharo et al. (2010) using the HIFI instrument (de Graauw et al. 2010 ) on board the Herschel satellite (Pilbratt et al. 2010 ) revealed around 300 features between 480 GHz and 1 THz that could be attributed to SiC 2 . A detailed study of these lines was carried out by Müller et al. (2012) who provided a global fit to the laboratory and astronomical lines of SiC 2 at that time.
Since its detection in 1984 by Thaddeus et al., SiC 2 has been observed towards the envelopes of carbon-rich stars through its rotational transitions in the millimetre and submillimetre domains. Compared with the Merrill-Sanford band that traces SiC 2 between the photosphere of the star and a few stellar radii, the rotational lines bring information on the whole circumstellar envelope of these objects. SiC 2 is assumed, together with Si 2 C (Cernicharo et al. 2015a) , to be precursor of SiC dust. Its spatial distribution is only known in IRC +10216 where it was observed with the Plateau de Bure interferometer (Guélin et al. 1993) , and the ALMA interferometer (Velilla Prieto et al. 2015) . Silicon carbides, and in particular SiC, have been detected only in the external shells (300 R * and beyond) of IRC +10216 (Cernicharo et al. 1989; Patel et al. 2013 ). Hence, it seems that it does not contribute to the formation of SiC dust. The presence of SiC grains in C-rich AGBs was confirmed by the detection of an emission band at ∼11.3 µm (Hackwell 1972; Treffers & Cohen 1974) . This band has been found towards a large number of C-rich stars by the IRAS and ISO satellites (see, e.g. Little-Marenin 1986; Chan & Kwok 1990; Yang et al. 2004) . In a recent study using the IRAM 30 m telescope, Massalkhi et al. (2018) have concluded, through the observation of 25 C-rich stars, that the denser the envelope, the less abundant SiC 2 . This observed trend has been interpreted as an evidence of efficient incorporation of SiC 2 onto dust grains. A detailed analysis of the rotational excitation of SiC 2 has also been carried out by these authors.
The sensitivity that can be reached with the IRAM 30 m telescope or with ALMA (Cernicharo et al. 2013) allows to detect weak lines of abundant species at well-known frequencies. As an example, the SiC 2 strongest features towards IRC +10216 reach 2-3 K when observed with the IRAM 30 m telescope. The sensitivity of the receivers and backends in this telescope allows to detect, in reasonable integration times, features that are 500-1000 times weaker. When interpreting the densely populated spectrum of this source it is mandatory to identify all these weak features before new molecular species could be assigned. The problem when observing this type of source is that there is a large range of gas temperatures, between 20 and 2500 K, and, hence, many rotational levels are populated in the ground and vibrationally excited states of abundant species (Cernicharo et al. 2013) . Frequencies for these transitions are not always very well predicted from the available laboratory work. Consequently, we rely directly upon the astronomical frequencies derived from observations of this kind of objects or of hot cores (Tercero et al. 2010) .
This work presents an accurate determination of frequencies for all rotational lines of SiC 2 , its isotopologues, and Si 2 C, observed with antenna temperatures above a few mK at a spectral resolution of 195 kHz with the IRAM 30 m telescope. It is shown that the frequency determination, despite the broad features exhibited by these rotational transitions, can be as accurate as 50 kHz which competes well with the accuracy obtained in the laboratory in the millimetre and submillimetre domains. A new set of rotational and centrifugal distortion constants has then been obtained for SiC 2 , 29 SiC 2 , 30 SiC 2 , and Si 13 CC which are recommended to predict the spectrum of these molecules up to 1 THz. For Si 2 C the new set of molecular parameters could be used to predict the frequencies up to 500 GHz.
The observations are described in Sect. 2 and the frequency accuracy claimed in this work is justified in Sect. 3. The analysis of the observed rotational lines of these species, and the rotational and centrifugal distortion constants derived from a fit to these lines, are given in Sects. 4.1-4.4.
Observations
Our long-term (∼30 yr) search for new molecules in IRC +10216 has covered a large fraction of the λ 3, 2, 1 and 0.8 mm bands using the IRAM 30 m radio telescope (see Cernicharo et al. 2015a ) reaching a high signal to noise ratio. For frequencies above 280 GHz the spectrometers were two autocorrelators with 2 MHz spectral resolution and 4 GHz bandwidth. For all other observations before 2010 the spectral resolution was 1 MHz provided by filter banks or autocorrelators. The whole data set has been described by Cernicharo et al. (2017) . In this paper we focus on data acquired after 2010, when the new Fast Fourier Transform spectrometers, which cover a bandwidth of 2 × 16 GHz with a spectral resolution of 195 kHz, and the new EMIR receivers which provide an instantaneous bandwidth of 16 GHz, were installed at the 30 m telescope.
The whole λ 2 mm band has been covered in a line survey of IRC +10216 carried out by Cernicharo et al. (2000) . New sensitive observations in this band were performed in January and April 2017. The rms of the merged (old and new) 2 mm observations varies between 0.6 and 1.3 mK for a spectral resolution of 1 MHz, and between 2 and 5 mK for a spectral resolution of 195 kHz (new data). The new 3 mm, 1 mm and 0.8 mm data come from observations carried out during the searches quoted by Cernicharo et al. (2017) , a time variability monitoring of IRC +10216 started in 2015 (Pardo et al. 2018) , and from specific sensitive observations looking for lines of methyl silane in January 2017 .
The observing mode, in which we wobbled the secondary mirror by ±90 at a rate of 0.5 Hz, and the dry weather conditions (sky opacity at 225 GHz was below 0.1 most of the observing time) ensured flat baselines and low system noise temperatures (T sys 100-400 K depending on the frequency). This observing method, with the off position located at 180 from the star, provides reference data free from emission from all molecular species but CO (see Cernicharo et al. 2015b) . The emission of all other molecular species is restricted to a region ≤15-20 from the star (see, e.g. Guélin et al. 1993; Agúndez et al. 2015 Agúndez et al. , 2017 Velilla Prieto et al. 2015; Quintana-Lacaci et al. 2016) . Each frequency setup was observed for ∼2 h, with pointing and focus checks in between using strong nearby quasars. Pointing corrections were Table A.2. always within 2-3 . The 30 m beam sizes are in the ranges 30 -21 at 3 mm, 20 -17 at 2 mm, and 12 -9 at 1 mm. The intensity scale, antenna temperature (T * A ), was corrected for atmospheric absorption using the ATM package (Cernicharo 1985; Pardo et al. 2001) . Calibration uncertainties for data covering such a large observing period have been adopted to be 10%, 15%, 20%, and 30% at 3, 2, 1, and 0.8 mm, respectively. Additional uncertainties could arise from line intensity fluctuations with time induced by the variation of the stellar infrared flux (Cernicharo et al. 2014; Pardo et al. 2018) . Figure 1 shows selected lines of 28 SiC 2 observed at a spectral resolution of 195 kHz with the new EMIR receivers and FTS spectrometers.
Frequency measurements and frequency
accuracy using IRC +10216 as a spectroscopic laboratory All lines of SiC 2 and its isotopologues have been analysed using the CLASS programme from the GILDAS package 1 . This software allows to simultaneously fit several lines in a given spectrum using two different methods. The standard fit, which considers Gaussian line profiles, cannot be used for expanding envelopes. The second method (called SHELL) allows fitting the profile of a line emerging from an expanding atmosphere. The fitting function is given, on the assumption the line profile is symmetric about line centre, by (see GILDAS documentation 2 ):
The parameters in Eq.
(1) are the integrated intensity A, the centre frequency ν 0 , the full width at zero level ∆ν, and the horn to centre intensity ratio H. The shape of the profile varies from a parabola (H = −1), as exhibited by optically thick lines, to flattopped lines (H = 0) corresponding to unresolved optically thin lines, and double peaked profiles (H > 0) produced by resolved optically thin lines. The expansion velocity of the envelope, v exp , is given by
where c is the speed of light. The lines in IRC +10216 are broad but most of them are characterized by a U-shape profile with two strong peaks separated from the central frequency by ±v exp . Figure 2 shows some examples of observed and fitted line profiles for the different isotopologues of SiC 2 . In previous observations of IRC +10216 (Cernicharo et al. 2000) , the spectral resolution of the observations was 1 MHz and the uncertainties on the frequency estimates were, in the case of high signal to noise ratio and symmetric lines, of the order of 0.2-0.3 MHz at most. Present observations have a spectral resolution five times better and, hence, frequency estimates are more precise.
Error estimates
In order to check the frequency accuracy that could be obtained from the new data, we have compared the laboratory measured frequencies, or frequency predictions using rotational and distortion constants obtained from laboratory data, with those obtained for 255 lines observed in IRC +10216 belonging to different species with a well characterized spectrum in the laboratory (frequency predictions accurate to within a few kHz). Figure 3 shows the differences (hereafter referred as δ ν ) between laboratory, or predicted frequencies, and those derived from our astronomical data. Laboratory frequencies for SiC 2 are from Gottlieb et al. (1989) , and those for 29 SiC 2 and 30 SiC 2 from Kokkin et al. (2011) . For the frequencies of the other species shown in this figure we have adopted the recommended frequencies from the CDMS (Müller et al. 2005) , JPL (Pickett et al. 1998) , or those calculated by the MADEX 3 code (Cernicharo 2012) .
Most of the measured δ ν values are below 50 kHz. The SHELL method in GILDAS does not take into account the turbulent velocity of the gas which is easily seen in optically thick lines (see top panel of Fig. 2 ). Nevertheless, frequencies can still be derived quite accurately as the turbulent velocity affects in the same way the red and blue edges of the line. As an example, for the rotational transition of SiC 2 shown in the top panel of Fig. 2 , δ ν is −13 kHz.
For optically thin lines the central frequency is very well constrained by the rather sharp edges of the line profile (see the lines of 29 SiC 2 in the three bottom panels of Fig. 2 ) and by the two emission peaks appearing at the terminal expanding velocity of the circumstellar envelope with nearly similar intensities. Even when lines are blended, but the edges of the line are still clearly distinguished, the derived frequencies are in very good agreement with laboratory measurements (see the two bottom panels of Fig. 2 ). The fitting procedure assigns very optimistic uncertainties to the fitted frequency, typically a few kHz. Although Fig. 3 shows that frequency determinations in IRC +10216 can be very precise, for the purpose of using the frequencies to derive rotational and centrifugal distortion constants we have considered less optimistic errors. We have systematically assigned a frequency uncertainty of 50 kHz when the CLASS fitting routine provided a frequency uncertainty below 50 kHz, and the nearest multiple of 50 (100, 150, . . . kHz) when the fitting algorithm yielded frequency errors >50 kHz. Only a few astronomical lines in Fig. 3 have uncertainties larger than 50 kHz. They are lines heavily blended with other features.
Systematic effects in estimating line frequencies
Some systematic effects could appear in the derived frequencies for U-shaped lines with different intensities in the blue and red peaks. For C 4 H, which presents very different intensities in the two peaks, the measured frequencies from IRC +10216 data are systematically shifted by −50 kHz. This effect results from the fitting algorithm trying to find the best centroid for the line. Such systematic shift in the derived frequencies is also found for the radicals C 3 H, C 4 H, and C 3 N, which exhibit extremely U-shaped line profiles (with the blue component being 20-30% weaker than the red one) and very weak emission around the line centre, that is, a very high horn over centre intensity ratio (H 0). Several lines of SiC 2 show asymmetries in the line intensity between the blue and red peaks of the line profile (see Fig. 1 ). However, the emission around the line centre is strong and the determination of the rest frequency is less affected by this effect. The same applies to its isotopologues. In the case of Si 2 C, most lines show flat profiles (Cernicharo et al. 2015a ).
Moderately optically thick lines (τ ∼ 1), like those of SiC 2 and the minor isotopologues of SiS and CS, show profiles which are either flat or moderately U-shaped, with a blue peak that can be somewhat weaker than the red one due to self-absorption. The estimated frequency of these lines is in very good agreement with that measured in the laboratory (see top panel of Fig. 2 ). Around 80% of the lines of these species have δ ν below 50 kHz, while for the remaining, δ ν is between 50 and 100 kHz (see Fig. 3 ).
Extreme examples of very optically thick lines are the rotational transitions of CO, HCN, SiS, CS, and SiO, in which self-absorption in the blue peak is so prominent that central frequencies are systematically shifted towards the red by 0.2-0.5 MHz. Only in these lines the SHELL method can provide important systematic effects in the derived central frequency.
An important effect that can modify the shape of the line, and hence, the accuracy of frequency estimates, is pointing errors during the observation. For lines in the 3 mm band this effect is mitigated because the half power width of the main beam is ∼30 and the source radius for SiC 2 , carbon chain radicals, anions, and most species detected with the IRAM 30 m telescope is ∼15 (Guélin et al. 1993; Velilla Prieto et al. 2015; Agúndez et al. 2017) . However, in the 2 mm and 1 mm bands, pointing errors could lead to significant changes in the appearance of the line profile. Depending on the intrinsic shape of the line, the pointing error can produce an increase of the signal around the systemic velocity with a significant decrease at the edges of the line. Hence, the fitted central frequency can be less precise due to the loss of the line horns. In our observations, pointing checks have been performed every hour against a nearby strong continuum source. We can consider that for most lines used in this work the pointing accuracy is better than 2 . Hence, these effects are negligible in the derived frequency uncertainties.
The data shown in Fig. 3 also allow to verify the systemic velocity (v * ) of the source, which was derived by Cernicharo et al. (2000) to be −26.5 km s −1 in the Local Standard of Rest (LSR) frame. By assuming that the observed differences δ ν are due to an incorrect value of v * we derive a LSR systemic velocity of −26.51 ± 0.08 km s −1 for IRC +10216, in excellent agreement with the value derived by Cernicharo et al. (2000) .
Frequencies and rotational and centrifugal distortion constants
4.1. SiC 2
Millimetre-wave laboratory spectroscopy of SiC 2 was performed by Gottlieb et al. (1989) , who observed 41 rotational lines between 93 and 369 GHz. The dipole moment of the molecule was measured by Suenram et al. (1989) , who also reported the frequency of the 1 01 -0 00 transition in the centimetre-wave domain for different isotopologues of SiC 2 . Using the rotational constants derived by Gottlieb et al. (1989) the frequencies of their reported laboratory lines are obviously well reproduced. However, the energies of the rotational levels becomes negative for J > 30. Moreover, frequency predictions for weak transitions of SiC 2 in the 3, 2, and 1 mm domains have large uncertainties. These weak lines are easily detected towards IRC +10216 (see Fig. 1 ). Better frequency predictions can be obtained by fitting a different set of distortion constants as discussed by Müller et al. (2012) . Nevertheless, for frequencies above 400 GHz, frequency predictions for the strongest lines were again very inaccurate by using the laboratory data alone Müller et al. 2012 ).
The observation of IRC +10216 with the HIFI/Herschel instrument by Cernicharo et al. (2010) revealed around 300 features between 480 and 1 THz that could be assigned to SiC 2 . A detailed analysis of these lines was done by Müller et al. (2012) who provided a global fit to the laboratory and astronomical lines of SiC 2 including those observed with HIFI/Herschel and the IRAM 30 m telescope (Cernicharo et al. 2000) .
The frequencies of the of SiC 2 transitions between 70 and 350 GHz have been measured again using the new data for IRC +10216. The accuracy of the derived frequencies has improved by a factor of between four and ten for all lines used by Müller et al. (2012) . In addition, nearly 100 new rotational lines of SiC 2 , many of them corresponding to very weak transitions, have been added to the list of lines observed with the 30 m telescope in this source (see Fig. 1 ). Müller et al. (2012) indicated that the accuracy of the frequency determination for the HIFI/Herschel lines they used for their global fit was too conservative. Hence, we have analysed again the ∼300 rotational transitions observed above 480 GHz and derived new frequencies for these lines. Special care has been taken with possible blends with other species. Although the spectral resolution of these observations was 0.5 MHz, the lines involve high energy levels and show parabolic profiles. Hence, frequency determinations are not as accurate as those obtained from the IRAM 30 m data. For strong features, observed with high signal to noise ratio, the accuracy of the derived frequencies above 480 GHz ranges between 1 and 2 MHz. For lines above 700 GHz we have smoothed the frequency resolution to 2-6 MHz in order to improve the signal to noise ratio of the data. For these, frequency accuracies are between 3 and 6 MHz. Nevertheless, these high-J transitions allow to constraint high order distortion constants in the global fit of the SiC 2 frequencies. Several lines above 900 GHz used in the SiC 2 fit by Müller et al. (2012) have been removed due to poor signal to noise ratio or strong blending with other features.
The list of laboratory and astronomical lines is given in (Watson 1977) which is described in Appendix A. As commented before (see also Müller et al. 2012 ) the choice of the parameters to be fitted for the laboratory observations was not the best adapted to the observed range of J and K. In order to compare the different fits that can be obtained for SiC 2 we have explored which distortion constants could be fitted to the laboratory data alone and using the frequency uncertainty for these transitions from Müller et al. (2012) . The results are given in Table A .3. The laboratory data alone can be fitted, hence, with a standard deviation of 30 kHz and weighted deviation of 1.1 using up to octic distortion constants. H J and L J cannot be accurately derived because the reduced value of J max in the laboratory data set. Table A .3 also provides the rotational and distortion constants obtained from a fit to the laboratory lines plus those observed with the IRAM 30 m telescope. The improvement in the uncertainty for all rotational and distortion constants varies between a factor 2 and 5. In addition, the distortion constant H J can be derived from this fit. This combined data set reaches still a rather low J max value of 24, and K max of 12, and it is not possible to derive more octic and some of the decic distortion constants that could be needed to reproduce transitions above the maximum frequency covered in this data set (364.95 GHz). Nevertheless, this set of constants can be used to predict frequencies of the rotational transitions of SiC 2 , including those of weak transitions, up to ∼500 GHz. The standard deviation of this combined fit is 136 kHz and the weighted standard deviation (wsd) is 0.965. This value, close to 1, indicates that the adopted uncertainties for the IRAM data (most of them being ∼50 kHz) represents the actual accuracy in the frequency determination of lines with the IRAM 30 m telescope. From this combined set of lines, the standard deviation corresponding only to the laboratory data is again 30 kHz. The degration from 30 to 136 kHz is due to the fact that some lines measured in IRC +10216 above 300 GHz have uncertainties of 0.1-0.3 MHz.
Finally, the HIFI/Herschel data have been merged with the laboratory and IRAM data to provide a set of frequencies reaching 1.1 THz, J max = 53, and K max = 16. Two different sets of distortion constants (A and B in Table A. 3) were found to fit reasonably well this merged data set. The main difference between both fits is than in A the distortion constants l JK and P JK are removed and p KK J is added. Fit B uses the distortion constants of Müller et al. (2012) which provide a standard deviation of 2.2 MHz and a wsd of 0.97. We have found that some octic and decic distortion constants were strongly correlated in this fit. Hence, we have explored other sets of distortion constants and found that those given by fit A in Table A .3 are the best adapted to the prediction of frequencies up to 1 THz. With this fit L J can be derived, together with some decic distortion constants, with very high accuracy. This fit provides a slightly better standard (2.1 MHz) and weighted (0.944) deviations and less correlated distortion constants. With respect to the set of laboratory plus IRAM 30 m lines, the uncertainty on the rotational and the quartic and sextic distortion constants improves by 20-30%. This is the set of molecular parameters that we recommend for the prediction of SiC 2 frequencies below 500 GHz. The HIFI/Herschel data help in the determination of the high-order distortion constants but have less effect on the quartic and sextic which are much better constrained by the laboratory and the IRAM data. For frequency predictions above 500 GHz, the parameters derived from the whole set of observed rotational lines, i.e. including the HIFI/Herschel data, are recommended. Correlation coefficients between these parameters as derived by fit A are given in Table A.4. A4, page 6 of 19 The recommended rotational and centrifugal distortion constants for SiC 2 (fit A) are given in Table 1 . Watson determinable rotational constants, inertia moments, and the inertial defect are given in Table 2 . The molecular parameters resulting from the recommended fit allow to predict well the spectrum of SiC 2 up to 1 THz with uncertainties of a few kHz for the strongest lines, and below 1 MHz for weak lines involving high energy levels.
4.2.
29 SiC 2 and 30 SiC 2
The isotopologues 29 SiC 2 and 30 SiC 2 were identified in IRC +10216 by Cernicharo et al. (1986a) . The frequencies of their strongest transitions in the 3 mm domain were calculated using very simple arguments concerning the change of the rotational constants when substituting the silicon atom which lies on the symmetry axis of the molecule. Three lines were detected within 1 MHz of the predicted frequencies (Cernicharo et al. 1986a) . Additional lines of both species were reported by Cernicharo et al. (1991 Cernicharo et al. ( , 2000 . Some lines in the 1 mm window were also reported by He et al. (2008) but with poorer frequency accuracies. Laboratory spectroscopy of the 1 01 -0 00 transition of both isotopologues was performed by Suenram et al. (1989) , and millimetre and submillimetre observations in the laboratory up to 360 GHz were carried out by Kokkin et al. (2011) . All lines observed by Cernicharo et al. (1986a Cernicharo et al. ( , 1991 Cernicharo et al. ( , 2000 SiC 2 . The J and K coverage is much more modest for these isotopologues than for SiC 2 . Hence, it has not been possible to obtain reliable values for the octic and decic centrifugal distortion constants. In the final fit these parameters were fixed to those of the main isotopologue. The derived rotational and centrifugal distortion constants from laboratory data alone and from the combined laboratory + astronomical data fits are given in Tables A.6 and A.9 respectively. A few of the fixed parameters can be derived from the fit with 3-5σ accuracy. However, the derived values are compatible with those of the main isotopologue within the uncertainties. Hence, it is preferable to adopt those of the main isotopologue, which represent the most important contribution to the centrifugal distortion on the frequencies of the rotational transitions of these isotopologues.
The recommended rotational and centrifugal distortion constants for 29 • and d SiC = 1.837(1) Å. We have adopted the typical uncertainties of bondlengths and angles derived from experimental ground state constants that have been corrected for vibrational effects, which are not studied in this work.
Si
13 CC Si 13 CC was marginally detected by Cernicharo et al. (1986a) in the same work where the silicon isotopologues of SiC 2 were identified. However, the sensitivity of the observations was not enough to carry out a definitive assignment of the lines of the 13 C substituted species. Due to molecular symmetry breaking introduced by this substitution, the number of energy levels, and the number of allowed rotational transitions, increases by practically a factor of 2 (the restriction K a = even disappears).
With the continuous improvement in sensitivity of IRAM 30 m observations, Cernicharo et al. (1991) were able to detect 19 rotational lines of this species up to 160 GHz. Moreover, thanks to the derived rotational and centrifugal distortion constants, it was possible to measure 48 rotational lines in the laboratory between 339 and 404 GHz . Some frequency improvements for the astrophysical lines were provided by Cernicharo et al. (2000) . Additional astronomical lines, but with a poor frequency accuracy (∼1-2 MHz), were reported by He et al. (2008) .
All the lines reported by Cernicharo et al. (1991 Cernicharo et al. ( , 2000 in the 3 and 2 mm domains have been measured again in this work using the new IRC +10216 data obtained after 2010. Sixteen new lines have been measured in these frequencies domains. In Table A.11. addition, 55 lines have been measured in the 1 mm domain, between 197 and 320 GHz. The accuracy of the derived rest frequencies ranges between 50 and 300 kHz for ν ≤ 295 GHz, and 0.5 MHz for higher frequencies. Figure 6 shows some of observed lines of Si 13 CC with 195 kHz spectral resolution. Table A .11 provides the new frequencies for these lines. All frequencies used to fit the molecular parameters of Si 13 CC are given in Table A .11. The derived rotational and centrifugal distortion constants are given in Table A. 12. H J and the octic and decic centrifugal distortion constants have been fixed to those derived for the main isotopologue. The weighted standard deviation of the fit is 0.88, and the standard deviation is 107 kHz. In this table we provide the molecular parameters derived from a fit to the laboratory data alone, and those obtained from the combined fit to the astronomical and laboratory data. As it could be expected for this isotopologue, for which only high frequency transitions were measured in the laboratory, the improvement of the rotational and centrifugal distortion constants obtained from the combined fit is substantial. The error on the rotational constant A, ∆A, improves by a factor of 2 while for B and C, ∆B and A4, page 9 of 19 A&A 618, A4 (2018) Table A. 14.
∆C, it improves by a factor ∼5. The accuracy of the centrifugal distortion constants improves by a factor 2-4.
The molecular parameters resulting from the combined fit allow to predict reasonably well the spectrum of Si 13 CC up to 400 GHz with uncertainties of a few kHz and for the strongest lines up to 800 GHz with an uncertainty below 1 MHz. These lines correspond to upper energy levels below 600 K.
The recommended rotational and centrifugal distortion constants for Si 13 CC are given in Table 1 . Watson determinable rotational constants, inertia moments, and the inertial defect are given in Table 2 .
Si 2 C
Disilicon carbide (SiCSi) was predicted more than 25 yr ago to be an abundant species in the innermost regions of carbon stars based on thermochemical equilibrium calculations (Tsuji 1973; Tejero & Cernicharo 1991; Takano et al. 1992) . Several ab initio calculations have been performed on the structure of the molecule (Barone et al. 1992; Bolton et al. 1992; Gabriel et al. 1992; Spielfiedel et al. 1996; McCarthy et al. 2015) . However, its search in space was limited by the low brightness temperature expected for its rotational lines, which, when merged with the high line density exhibited by IRC +10216, makes extremely difficult their assignment. Moreover, the limited accuracy obtained by ab initio calculations for the predicted rotational and centrifugal distortion constants implies very poor frequency predictions.
Disilicon carbide has a C 2v symmetry and a 1 A 1 electronic ground state with a modest permanent dipole moment of ∼1 D along the b axis (McCarthy et al. 2015) . Because the two equivalent off-axis silicon atoms are bosons, only half of the rotational levels exist (those with K a + K c even). A few lines of this molecule were detected in the laboratory (McCarthy et al. 2015) leading to the identification of 112 lines in IRC +10216 by Cernicharo et al. (2015a) using data taken with the IRAM 30 m telescope prior to 2014. The frequencies of these lines were derived with a spectral resolution of 1 MHz below 270 GHz and of 2 MHz above that frequency. Although the accuracy of frequency determinations was not as good as that presented in this work for SiC 2 and its isotopologues, it was possible to derive a set of molecular parameters permitting reasonably frequency predictions up to 400 GHz with an accuracy better than 0.5 MHz.
The search for lines of SiCSi in space began with the microwave laboratory measurements by McCarthy et al. (2015) , which allowed us to accurately predict frequencies with K a = 0, 1 in the 3 mm domain. Cernicharo et al. (2015a) were able to identify 3 lines in that wavelength domain that could be fitted simultaneously with the laboratory data. With the new constants these authors were able to assign 112 lines (J ≤ 48 and K a ≤ 5) in the spectrum of IRC +10216. A fit to all these lines resulted in more accurate frequency predictions, and several additional lines were detected at frequencies up to 180 GHz in the laboratory.
With the new set of high spectral resolution data, it is possible to improve the frequency determination for the previously measured rotational lines of Si 2 C (Cernicharo et al. 2015a ). Although we are dealing with an abundant species in IRC +10216, the intensity of the lines is rather low, typically below the intensity of the strongest Si 13 CC lines, which have intensities 40 times less than SiC 2 (see Fig. 6 ). The reason is the large partition function and moderate dipole moment of Si 2 C (Cernicharo et al. 2015a ). Nevertheless, we have been able to measure all lines of Si 2 C previously reported by Cernicharo et al. (2015a) , and to detect new ones, using the IRAM 30 m telescope with the new FTS spectrometers in the 70-180 GHz frequency range. At higher frequencies, data have to be smoothed by two or three channels to have a reasonable signal to noise ratio. We have used all available data to derive frequencies for Si 2 C transitions up to 350 GHz. Figure 7 shows some lines of Si 2 C observed with a spectral resolution of 195 kHz. (2015) and Cernicharo et al. (2015a) , together with the astronomical frequencies derived here. Only a few lines could be measured with an accuracy of 50 kHz. However, for most of the lines previously reported by Cernicharo et al. (2015a) the frequency determination has been improved considerably. Fifteen of these lines have been rejected due to a poor accuracy in their frequency determination. In most cases the limited accuracy is due to heavy blending, limited signal to noise ratio, or poorly defined line profiles. Nevertheless, the new data provide 30 new features that can be assigned to rotational transitions of Si 2 C. Table A.15 gives the rotational and centrifugal distortion constants obtained by fitting the laboratory data alone, those reported by Cernicharo et al. (2015a) , and the ones resulting from a global fit to the laboratory data plus the new Si 2 C frequency measurements towards IRC +10216 presented in this work. The weighted standard deviation of the global fit is 0.996 and the standard deviation is 343 kHz (to be compared with the values of 0.837 and 697 kHz obtained by Cernicharo et al. 2015a) .
The centrifugal distortion constants ∆ K and ∆ JK are much larger for Si 2 C than for SiC 2 , while the other centrifugal distortion constants are of similar magnitude despite the fact that Si 2 C is somewhat heavier than SiC 2 . The inertial defect of Si 2 C, ∆, is as large as that of SiC 2 (see Table 2 ). It is assumed that for a triatomic molecule the major contribution to the inertial defect is produced by the lowest frequency vibration of the molecule, ∆(amu Å 2 ) ∼ 67.45/ω, where ω is the vibrational frequency in cm −1 (Gordy & Cook 1984) . From Table 2 the lowest vibrational frequency of Si 2 C is estimated to be ∼202 cm −1 . This value is somewhat larger than the computed value of 140-150 cm −1 (Spielfiedel et al. 1996; Koput 2017 ), or the derived value from optical spectroscopy, ∼143 cm −1 (Reilly et al. 2015) .
It is tempting to search for the isotopologues of Si 2 C by using the rotational constants derived from the microwave lines measured by McCarthy et al. (2015) , and the centrifugal distortion constants of the main isotopologue derived in this work. Unfortunately, the expected line intensities for 29 SiCSi are a factor 20 lower than those of the main isotopologue We note that although there are two identical positions for the 29 Si isotope, the partition function increases by a factor of two due to the breaking of the symmetry of the parent molecule. Hence, intensities are directly those of the main isotopologue divided by the isotopic abundance ratio 28 Si/ 29 Si ∼ 20 (Cernicharo et al. 1986a) . A search has been made for the strongest predicted lines of 29 SiCSi without success.
The recommended rotational and centrifugal distortion constants for Si 2 C are given in Table 1 .
Conclusions
The frequency accuracy that can be achieved in the millimetre and submillimetre domain with the IRAM 30 m telescope towards IRC +10216 (∼50 kHz) is similar to that obtained in the laboratory (∼30 kHz). Hence, line surveys of IRC +10216 with the 30 m telescope provide, in addition to a determination of molecular abundances, a powerful spectroscopic tool to improve the rotational constants of molecules detected in this source. Hence, thanks to its molecular richness and the range of temperatures exhibited by its circumstellar envelope, IRC +10216 becomes an excellent spectroscopic laboratory for radicals, metal-bearing species, and vibrationally excited states of these species (Cernicharo et al. 2013 ).
The rotational and centrifugal distortion constants of SiC 2 , 29 SiC 2 , 30 SiC 2 , Si 13 CC, and Si 2 C derived in this work can be used to predict accurate frequencies for these species in the ALMA bands, and will help in cleaning the spectrum of IRC +10216 and to identify the hundreds of unidentified lines found in this object (Cernicharo et al. 2013) . Moreover, the spectrum of IRC +10216 shows rotational transitions from species such as C 3 H, C 4 H, C 5 H, C 6 H, C 7 H, and C 8 H (Cernicharo et al. 1986b (Cernicharo et al. ,c, 1987a Guélin et al. 1987 ), their anions C 4 H − , C 6 H − , C 8 H − (McCarthy et al. 2006; Cernicharo et al. 2007) , together with C 3 N − and C 5 N − (Thaddeus et al. 2008; Cernicharo et al. 2008) , and of CCS and CCCS Yamamoto et al. 1987; Cernicharo et al. 1987c) , that are also detected in cold dark molecular clouds. Hence, a systematic analysis of the spectrum of IRC +10216 accessible from the IRAM 30 m telescope will provide, in addition to the discovery of new molecules (some of them being radicals difficult to be produced in the laboratory), an accurate determination of the frequencies of the rotational transitions of species that could be also observed towards other sources.
where
x -P 2 y ), A, B, and C are the effective rotational constants, ∆ J , ∆ JK , ∆ K , δ j , and δ K are the quartic centrifugal distortion constants, and the parameters H's/h's, L's/l's, and P's/p's represent the sextic, octic, and decic centrifugal distortion constants respectively. The high order centrifugal distortion constants, H, h, L, l, P, p, could be needed to reproduce laboratory frequencies within their accuracy if the molecule is light, or if high-J high-K transitions have been observed. The matrix elements for the operators P − , P n , P 2 x , P 2 y , and P n z in a symmetric rotor basis can be obtained from the Tables 7.2 and 8.10 of Gordy & Cook (1984) .
A code has been developed (FITWAT) to fit the observed rotational transitions of an asymmetric rotor and to provide as output, in addition to the rotational and centrifugal distortion constants, a file containing the molecular constants and correlation coefficients. This file can be easily implemented into the MADEX code (Cernicharo 2012 ) which permits frequency predictions, uncertainties, line strengths, energy levels, and Einstein coefficients for a given J max selected by the user. This way, i.e. collecting molecular parameters rather than line lists, MADEX can digest in a few FORTRAN sentences a molecular species. In the public 2012 version of the code the user can select a molecular species among the 3700 molecules implemented at that time (Cernicharo 2012) .
Frequency predictions depend on the accuracy of the derived molecular parameters for a given species. Hence, the fitting program used in this work deserves a benchmark and comparison with other fitting codes. The fitting process starts with a set of initial values for the parameters that have to be obtained. The Hamiltonian contains off-diagonal terms (see, e.g. Watson 1977; Gordy & Cook 1984 ) and a diagonalization is needed to derive the eigenvectors (as combination of the symmetric rotor basis wave functions) and eigenvalues of the rotational energy levels. Once the eigenvectors are known, the asymmetric rotor energy levels can be directly computed from Notes. Numbers in parentheses represent the derived uncertainty (1σ) of the parameter in units of the last digit.
(a) Rotational and centrifugal distortion constants obtained by FITWAT in the fit to the lines of chlorobenzene reported by Kisiel (1990) .
(b) Rotational and centrifugal distortion constants obtained by ASFIT in the fit to the lines of chlorobenzene reported by Kisiel (1990) .
(c) Number of fitted lines (each doublet counts as one single line).
the expression of the Hamiltonian. A linear least squares method is used to minimize the observed minus calculated frequencies leading to a new set of molecular parameters that is used to compute new eigenvectors and eigenvalues. The process is repeated until the variation of the standard deviation of the fit is less than 10 −9 . Results from FITWAT and Pickett's SPFIT code (Pickett 1991) were found to be identical for the data set of Si 2 C lines used by Cernicharo et al. (2015a) . However, it is important to check the results for high-J and high-K values for which the operators of the asymmetric rotor Hamiltonian can reach very large values. In order to perform such an additional comparison we have fitted the lines of chlorobenzene reported by Kisiel (1990) (J max = 105; the molecule is used in the PROSPE 4 package as an example) using FITWAT and the code ASFIT 5 of the PROSPE package of rotational programs developed by Kisiel (2001) . The results of both fitting programs are shown in Table A .1. The results are identical within the requested precision of the calculations in FITWAT, ∼10 −9 . Hence, FITWAT is feeding MADEX with rotational and centrifugal distortion constants accurately derived from a fit to the available data.
The observed lines of SiC 2 , 29 SiC 2 , 30 SiC 2 , Si 13 CC, and Si 2 C are given in Tables A.2, A.5, A.8, and A.14 respectively. The molecular parameters and covariance matrix derived from a fit to the measured frequencies using FITWAT are given in Tables A.3 Gottlieb et al. (1989) and Suenram et al. (1989) . Uncertainties for these lines are from Müller et al. (2012) . (b) New lines between 70 and 355 GHz have been added to the data set reported by Müller et al. (2012) . The increase in sensitivity and spectral resolution in the IRAM data since 2012 have permitted to obtain more precise frequencies in that frequency range. Frequencies for all lines used by Müller et al. (2012) have been determined using the new IRAM 30 m data.
(c) The selected HIFI data are from Cernicharo et al. (2010) and Müller et al. (2012) . Frequencies for HIFI lines have been measured again taken into account possible blends with other features. Some of the lines reported by Müller et al. (2012) have been rejected due to its poor signal to noise ratio (see text). This column corresponds to Fit A and is the recommended one.
(d) Fit B uses the same set of data as 3 but adding to the fitted centrifugal distortion constants l JK and P JK , and removing p KK J (see text).
(e) Number of fitted lines (each doublet counts as one single line). Kokkin et al. (2011) and Suenram et al. (1989) .
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(b) Lines observed with the IRAM 30 m telescope between 70 and 320 GHz. Frequencies reported by Cernicharo et al. (1986a Cernicharo et al. ( , 1991 Cernicharo et al. ( , 2000 have been measured again with the new FTS spectrometers at a spectral resolution of 195 kHz. This is the recommended fit to predict rotational frequencies for 29 SiC 2 . (c) Same set of frequencies and fitting than 2 but fixing to zero the octic and decic centrifugal distortion constants.
(d) Number of fitted lines (each doublet counts as one single line).
(e) These constants have been fixed to the corresponding value for the main isotopologue 28 SiC 2 . Constant Kokkin et al. (2011) and Suenram et al. (1989) .
(b) Lines observed with the IRAM 30 m telescope between 70 and 320 GHz. Frequencies reported by Cernicharo et al. (1986a Cernicharo et al. ( , 1991 Cernicharo et al. ( , 2000 have been measured again with the new FTS spectrometers at a spectral resolution of 195 kHz.This is the recommended fit to predict rotational frequencies for 30 SiC 2 .
(c) Same set of frequencies and fitting than 2 but fixing to zero the octic and decic centrifugal distortion constants.
(e) These constants have been fixed to the corresponding value for the main isotopologue 28 SiC 2 . Constant Cernicharo et al. (1991) .
(b) Lines observed with the IRAM 30 m telescope between 70 and 320 GHz. Frequencies reported by Cernicharo et al. (1991 Cernicharo et al. ( , 2000 have been measured again with the new FTS spectrometers at a spectral resolution of 195 kHz.This is the recommended fit to predict rotational frequencies for Si 13 CC.
(c) Same set of frequencies and fitting than 2 but fixing to zero some of the octic and decic centrifugal distortion constants.
(e) These constants have been fixed to the corresponding value for the main isotopologue 28 SiC 2 . (c) Rotational constants derived from the laboratory frequencies, the revised frequency for the lines observed with the IRAM 30 m telescope from Cernicharo et al. (2015a) , and those of the new observed lines with the same telescope (see text).
(d) Number of fitted lines. 
